Abstract. This paper presents aspects of modelling and simulation of energy storages based on the example of a lead-acid battery pack for powering an electric vehicle. The most frequently used energy storages, with particular emphasis on the difficulties in their proper selection for mobile equipment, was discussed. The mathematical model of the leadacid battery and the relations describing its respective parameters was also presented. A selected energy storage was subjected to detailed analysis with regards to the electrical and thermal parameters while powering an electric vehicle during an standard driving cycle in an urban area. The simulation was performed in the Matlab Simulink environment.
Introduction
Energy storage has been an important element of man's activities for a long time. Initially, the issue concerned mainly the heating of the place of living or the cooling of the stored food, however, as the civilization kept developing, the need for accumulation of energy in various forms was apparently becoming more and more important. At present, energy storage constitutes an essential element of the global energy economy while balancing the energy demand and surplus and ensuring the energy security. This is particularly important in the case of energy systems cooperating with renewable sources, which are characterised by high instability of performance depending on weather conditions. For this reason, a large number of various types of energy storages, especially those accumulating electric energy, has appeared recently. The type of the used storages depends on many factors of which those most important include mobility and ability to accumulate energy as well as easiness of its transfer -i.e. the energy density and power density which a given storage may accumulate. These parameters are the main factors, which determine the application of various energy storages [1] [2] . The sources of electric energy also become more and more popular because of a great increase in the number of portable electrical and electronic equipment such as laptops, mobile phones, etc. However, the manufacturers of this equipment more and more often expect real methods of anticipation of the behaviours of these sources, especially since their behaviour under various operating and environmental conditions depends on many factors, in particular, in systems with high dynamics of load changes such as electrical vehicles [3] .
Sometimes such analyses are very complex and time application of advanced calculation methods problems related to the analysis of the electric energy vehicle based on the example of lead-acid batteries
Energy storages used in electrical vehicles
Some of the mobile electric energy their operation are electric vehicles, which have become more and more popular in the recent years. One example of a country belonging to the European Union, where an increase in the number of electrical vehicles is the greatest is Norway year 2015, the electrical and hybrid plug registered passenger cars [6] . An increase in the popularity of these vehicles results, to a great extent, from the appearance of more and more effective e Depending on the possibility of energy conversion as well as the possibility of its accumulation in large quantities, the energy is accumulated using the following storages: mechanical (pneumatic, pumped hydroelectric energy storages mainly as flywheels), electrochemical ( lithium-ion and nickel-cadmium batteries etc (accumulating energy in the electrical field superconducting coils) and thermal [7] . in figure 1. From among the energy storages presented in the figure energy sources are used most frequently to power electric vehicles. This follows from the fact that the vehicles require high energy and power densities from the storages of accumulating large amount of energy in a time, is characterised by high power handling capacity, and in the case of the regenerative braking, also high power consumption ( For this reason, a significant share lithium batteries and lead-acid batteries. Among them, the lithium batteries are characterised by better technical parameters, but are also much more expensive and dangerous (their damage poses a risk of Sometimes such analyses are very complex and time-consuming, therefore, they require the application of advanced calculation methods [4] [5] . For this reason, this paper deals with the related to the analysis of the electric energy sources which can power an electrical acid batteries.
Some of the mobile electric energy loads, which require the source of high power for their operation are electric vehicles, which have become more and more popular in the example of a country belonging to the European Union, where an increase in the number of electrical vehicles is the greatest is Norway. In this country, in the year 2015, the electrical and hybrid plug-in vehicles constituted over 22% of the newly An increase in the popularity of these vehicles results, to a great extent, from the appearance of more and more effective energy sources.
Depending on the possibility of energy conversion as well as the possibility of its quantities, the energy is accumulated using the following storages: pumped hydroelectric energy storages, kinetic energy storages -(flow batteries and popular cells/lead-acid batteries, cadmium batteries etc.), chemical (fuel cells, electrolysers), electric accumulating energy in the electrical field -supercapacitors, or in the magnetic field -].Popular examples of their application are presented [2] .
nergy storages presented in the figure above, the electrochemical nergy sources are used most frequently to power electric vehicles. This follows from the fact that the vehicles require high energy and power densities from the storages -the ability of energy in a small and light storage which, at the same ed by high power handling capacity, and in the case of the regenerative (charging with high current). share of the energy storages used in vehicles includes acid batteries. Among them, the lithium batteries are ed by better technical parameters, but are also much more expensive and their damage poses a risk of very intense fire). Therefore, in many solutions, the lead-acid batteries are still popular. However, it must be remembered that these batteries are sensitive to high currents, which cause their accelerated degradation. While designing a drive powered by these batteries, it is necessary to analyse their behaviour in detail at different loads and in different environmental conditions, using professional mathematical models.
Mathematical model of the lead-acid battery
In systems, where the low power load is present, the power supply battery may often be treated as an ideal or real voltage source. In such cases, the mathematical model constitutes a circuit diagram which comprises an ideal voltage source or a voltage source with serially connected resistor that represents the internal resistance of the battery. However, while considering the dynamic systems, in which load is distributed unevenly and which are fastchanging, a more accurate model that takes into consideration the behaviour of the battery and the parasitic and thermal phenomena taking place in it must be used. One of the more accurate mathematical models used to analyse the battery performance is the electric circuit consisting of the voltage source E m and the pairs of capacitors and resistors joined in parallel R n C n [8] [9] [10] . The electric charge losses caused by the self-discharge of the battery are represented by the occurrence of the PN branch, through which the parasitic current I p flows. Depending on the expected model accuracy, the appropriate number of pairs of RC dynamic branches must be selected. The number as such also depends on the dynamics of changes in the load of the analysed battery. The electric diagram of the discussed n-order model of a single cell of the lead-acid battery is presented in figure 2 (with the n-number of the connected RC branches) [8, 11] . The value of the majority of parameters of the cell's equivalent circuit depends, above all, on the battery state of charge SOC, the load and the electrolyte temperature T e . The parameters, which affect the operational properties of the battery are described in detail in publications [8, 11] , and their values for the second-order model can be determined from following equations:
)) 1 ( 1 (
) ln( The charge drawn from a single cell and the battery energy capacity are given by equations (78) [8, 11] :
where: K C , δ,  constants set on the basis of the manufacturer's data, C 0*  battery capacity at 0C, T f  electrolyte freezing temperature, I  battery load current.
Simulation of operation of the lead-acid battery pack powering an electric vehicle
For the purposes of simulation of the performance of the lead-acid battery pack during the movement of the electric vehicle, the second-order mathematical model presented in figure 3 was assumed. 
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The model is considered to be sufficiently accurate to carry out the simulation in dynamic states [8] [9] . Parameters of the equivalent circuit were determined on the basis of equations (1)- (8) presented in chapter 3 and constants listed in table 1. The parameter which forces the operation of the system was the electric power with which the lead-acid battery pack was loaded. The power was determined based on the construction data of the electric vehicle [1, 12] (with the assumed weight equal to 1150 kg and frontal surface of the vehicle equal to 2.3 m 2 ) and vehicle characteristics in the urban area. Table 1 . Electric parameters of the equivalent circuit of one battery cell.
Description Value
Unloaded battery cell voltage E m0 = 2.18 V Ambient temperature T a = 22C
Constants which enable the determining the battery capacity
Constants which enable the determining the values for respective situations R 00 = 0.0025
The standard EPAFTP75 driving cycle [13] , whose speed profile is presented in figure 4 was used for this purpose. The energy storage subject to modelling comprised a lead-acid battery pack, whose parameters were selected based on publications [1, 7] .It consisted of 4 battery packs including 8 batteries of the nominal voltage of 12 V connected in series and capacity of 50 Ah. In order to achieve the desired capacity respective battery packs were connected in parallel. In accordance with the methodology presented in publications [8, 11] and based on the manufacturer's data, the electric parameters of the equivalent circuit of the battery cell, necessary to carry out the computer simulation, were assigned.
In order to map the behaviour of the battery pack, the equivalent circuit presented in figure  2 was implemented in the MATLAB Simulink environment. The lead-acid battery pack which was loaded with power in accordance with the characteristics presented in figure 5 , was selected to the performance simulation. The simulation that was carried out enabled the determining all important electric parameters of the battery pack under consideration. Characteristics of the selected battery parameters in the function of duration of one driving cycle are presented in figures 69.State of charge ( Fig. 6 ) was determined from equations (7) (8), andcurrentsandvoltageswere calculatedon the basis ofconventional methodsfor circuit analysisin transient states. Due to the possibility of appearance of the overvoltages in the moments of sudden braking in the case of occurrence of high voltages on the battery terminals (over 19 V) use of mechanical brakes was assumed. The result was also a limitation in the value of the charging current (negative values of current in Fig. 7 )  equal to 0.3 C (maximum value recommended by the manufacturer). Because of marginal values of parasitic current (Fig. 9 ) their impact on the operation of battery pack can be omitted. 
Summary
This paper deals with the issue of modelling of performance of lead-acid battery pack, which powers an electric vehicle. The analysis of operation of electrochemical sources is a complex problem, therefore, the second-tier mathematical model of the battery was used for its needs. On the basis of the calculated parameters of the energy storage and the assumed parameters of the electric vehicle, the computer simulation for the standard EPAFTP75 driving cycle were performed. It represents the performance of the battery pack while driving the electrical vehicle. Because of marginal values of (just a few microamperes) parasitic current flowing through the battery during the movement of the electrical vehicle under consideration, its presence may be omitted. The application of the mathematical model of the battery pack may be very advantageous, e.g. at the stage of designing and selecting of energy storages for electric vehicles, in terms of tests of their behaviours in the states which deviate significantly from the nominal state. Not only does it entail benefits in terms of the finances and time (tests carried out using real systems are very costly and time-consuming), but also it constitutes a response to the current issues related to ecology (degradation, and as a consequence of this, the necessity to dispose of waste equipment used during the tests). Issues related to the modelling of the performance of energy storages with non-linear loads are interdisciplinary by nature. The used mathematical model may be successfully applied in systems cooperating with renewable energy sources.
